Because of an increasing concern regarding the ecological consequences of its decline, biodiversity has been the subject of an abundant portfolio of studies devoted to understanding its role in ecosystem functioning (summarised by Kinzig et al. 2002 , Loreau et al. 2002 , Hooper et al. 2005 . This large body of research has led to a consensus that ecosystem properties depend greatly on biodiversity amibutes such as species richness, functional characteristics, and the spatio-temporal distribution and abundance of individuals (Hooper et al. 2005) . However, nearly ali empirical research linking biodiversity and ecosystem functioning has focused on terrestrial plant communities with low structural complexity, mostly grasslands, mode! microbial systems, and aquatic communities, from both freshwater and marine environments (Hector et al. 1999 , Engelhardt and Ritchie 2002 , Hedlund et al. 2003 , Maestre and Reynolds 2006 . This limits our ability to make confident generalizations on the functional role of biodiversity, or to extrapolate the results obtained so far to other communities (Giller et al. 2004) .
In the majority of the experiments carried out so far, the productivity of small experimental units containing monocultures of given species were compared to those containing mixtures of different species. These experimental protocols highlighted an effect of diversity, sometimes negative (McNaughton 1993) , sometimes nul!, but often positive on the productivity of the community (Loreau 2000, Groner and Novoplansky 2003) . In a recent review, Hooper et al. (2005) concluded that productivity generally increases with diversity. Two main mechanisms have been proposed to explain this positive relationship: complementarity and sampling effect (Hooper et al. 2005) . Individuals in monocultures compete for resources in the same way (Tilman et al. 1997b ), but in a mixture, because of niche differentiation (Leibold 1995) , higher diversity leads to higher resource use, increasing total community biomass (Stevens and Carson 2001) . A contrasting theory, referred to as 'sampling effect', hypothesized that the higher productivity of a mixture results in a statistical effect that increases the probability of selecting sorne highly productive species (Wardle 1998 , Huston et al. 2000 . The later is related to the 'selection effect', which refers to the trend for species interactions in mixtures to 'select for' or favor species with specifie traits (Loreau and Hector 2001) .
Interestingly, little effort has been devoted to testing the predictions of various hypotheses describing relationships between biodiversity and ecosystem processes in natural and semi-natural ecosystems dominated by shrub species (Troumbis and Memtsas 2000) , probably because of difficulties in obtaining precise estimations of their productivity in short-term studies. However, these ecosystems account for a substantial part of total land cover, and are particularly relevant in arid, semi-arid, and dty-subhumid areas (Reynolds et al. 2007 ). Furthermore, the cover of shrub-dominated ecosystems is increasing worldwide, a process with important implications for the structure and functioning of terrestrial ecosystems (Van Auken 2000, Berlow et al. 2002 , Anthelme et al. 2007 . Therefore, it is not surprising that increasing our knowledge on the relationships between diversity and ecosystem functioning in natural shrublands has been identified as a priority for biodiversity research (Hooper et al. 2005) . To our knowledge, no previous study has evaluated the relative contributions of the effects of complementarity and selection (sensu Loreau and Hector 2001) as drivers of the biodiversity effect on ecosystem functioning in shrublands. We have attempted to do this for a Mediterranean shrubland dominated by Quercus coccifera, Cistus albidus, Ulex parviflorus and Rosmarinus officinalis, which cover large expanses in the Mediterranean Basin (Montès et al. 2004 , Larcheveque et al. 2006 , Baeza et al. 2007 , under natural conditions. The aims of the study were to (1) evaluate the relationship between species richness and productivity, and (2) assess the relative importance of the effects of complementarity and selection as drivers of this relationship.
Methods

Study area
The study was carried out in the Chaîne de l'Etoile (43°21'50"N, 5°24'20"E), located 5 km northeast of Marseille (Bouches-du-Rhône, France). The climate is Mediterranean, with a mean annual temperature and rainfall of 15°C and 570 mm, respectively, and a pronounced summer drought. Derived from limestone, soils are classified as rendzina (FAO 1988) . They are shallow, with depths of Jess than 20 cm, have a high percentage of stones (the fraction below 2 mm is 33.4% ± 1.4, mean± SE, n =30), and their C, N and C/N values are 2.21%± 0.13, 0.18%±0.01 and 12.25±0.23, respectively (means±SE, n = 15). The last fire occurred in 1997, and current vegetation is a shrubland dominated by Cistus albidus, Quercus coccifera, Ulex parviflorus and Rosmarinus officinalis (Supplementaty material Appendix 1). The occurrence of fires, soi! characteristics and dominant species are representative of calcareous shrublands located around the Mediterranean coast (Montès et al. 2004 , Larcheveque et al. 2005 , 2006 .
Field sampling and productivity estimation
For this study we considered a total of 15 composition levels, resulting from the monocultures and ali possible combinations of the four dominant species ( Cistus, Quercus, Ulex and Rosmarinus). We estimated biomass and productivity indirectly with the point intercept method Qonasson 1988), which is based on the relationship between plant biomass and the number of contacts with a pin (metal rod of 2 mm diameter) passed vertically through the vegetation to the ground (Supplementaty material Appendix 1). This approach was preferred over destructive sampling to avoid the high degree of disturbance associated with these measurements, and because it has been successfully employed to estimate biomass and productivity in Mediterranean shrublands (Troumbis and Memtsas 2000) . We laid out a total of 64 permanent transects, 2 rn in length with sampling points at 1 0-cm intervals, following a stratified random design, with transects randomly allocated to each of the 15 species combinations. Because of the relatively small size of the studied area (we limited it to about 4 ha to avoid changes in environmental conditions), it was not possible to find more than three replicates for sorne species combinatians (the number of replicated transects varied between three and six). We took measurements of pin contacts along the same transects in Marchand June 2006, before and after the main growing season.
We calibrated the relationships between pin contacts and biomass in 15-25 individuals of the species studied. We placed 1 x 1 rn quadrats with a 10 x 10 cm grid above the canopies of individuals covering a wide range in size (0.2-1.4 rn height), and we noted the number of contacts at each sampling point (a sampling point represents a 100 cm 2 sampling area). For Ulex, it was sometimes difficult (because of its dense canopy) to see ali contacts (up to 40 pin contacts per sampling point). Thus, we also noted the height of the highest contact for this species. After the pin measurements, we clear-cut, oven dried (75°C for two days) and weighed ali individuals. The relationships between these measurements and aboveground biomass were obtained with linear regressions of the form B = aX. These were in ali cases highly significant (p <0.0001, R 2 :?:::0.83; Table 1 ), and thus we used the number of pin contacts or height of the highest pin contact in the case of Ulex, to estimate productivity under field conditions. lt was obtained as (B2 -B1)/(B1), where B1 and B 2 are the standing biomass in Marchand June, respectively. Productivity was estimated separately for each species and transect. 
Assessment of biodiversity effects and species interactions
The evaluation of ail possible species combinations allowed us to distinguish between the effects of complementarity and selection using the method proposed by Loreau and Hector (2001) . According to this approach, the net biodiversity effect (NE) in a community of k species is:
where CE and SE are the complementarity and selection effects, respectively. ARY is the deviation from expected relative yield of a given species in the mixture, calculated as the difference between expected and observed relative yields. The latter is the ratio of its yield in mixture and monoculture; the expected relative yield is given by its relative abundance. The complementarity effect is proportional to the average of ARY over ail species in the mixture and to Y M• whereas the selection effect is proportional to the covariance of ARY and yield of the species in monoculture (YM).
Although extremely useful to separate complementarity from selection effects, the Loreau and Hector (2001) approach cannot distinguish direct facilitation from niche differentiation as the mechanism for driving complementarity effects. To gain additional insight into the mechanisms underlying the responses observed in our study, we estimated the magnitude and direction ofbiotic interactions with the RII index (Armas et al. 2004 ). lt was calculated as (Yi.JYi,ï)/(Yi,j+ Yi,i), where Yi,i and Yi,j are the productivity of species i in monospecific stands (average of all the transects), and that of species i in mixture with species j. RII is a symmetrical index around 0, and ranges from -1 to + 1. Negative and positive effects are indicative of competition and facilitation, respectively.
Statistical procedures
We evaluated the relationships between (1) biomass of shrub species and number of pin contacts or height and (2) shrub diversity and productivity, using linear regressions. We used one-way ANOVA and post-hoc Turkey to test in complementarity, selection effect and net effects among richness levels, and t-tests to evaluate whether RII, complementarity, selection effect, and net effect values differed from O. Prior to these analyses, we checked the normality and homoscedasticity of the data with Shapiro-Wilk and Levene tests, respectively. We conducted ail statistical analyses with Minitab for Windows (ver. 13).
Results
W e found a highly significant and linear positive relationship between productivity and species richness (Fig. 1) . No selection effects were apparent, but both the complementarity and net effects were highly significant (Fig. 2 ; oneway ANOVA; complementarity: F2,45 =5.96, p =0.005; net effect: F2,45 =4.36, p =0.019). The magnitude of this effect increased from two to three species, but became nonsignificant in the four-species mixtures. Pairwise compar- isons using the RII index showed that all the species bad a positive effect (trend for Rosmarinus) on the productivity of Cistus (Fig. 3) . This species positively affected the Quercus productivity. None of the species evaluated bad significant effects on the productivity of either Ulex or Rosmarinus, although it is interesting to note a dear trend towards a negative effect of Cistus on Ulex productivity.
Discussion
Our results show a dear positive relationship between species diversity and productivity in a Mediterranean shrubland, and indicate that this effect is mosdy due to complementarity among the interacting species. They agree with studies showing the positive effect of species richness on the productivity of plant communities in artificial microcosms (Dukes 2001) , semi-natural grasslands (Tilman et al. 1997a , Hector et al. 1999 , van Ruijven and Berendse 2005 and woody shrublands (Troumbis and Memtsas 2000) . The total number of species involved in our study was relatively low when compared to other studies, for which the maximum diversity tested artificially was as high as 30 species (Tilman et al. 1997a ). However, the probability of sampling effect increases when conducting studies with so many species. In shrublands such as those studied, we can assume that interactions between species involve a small number of individuals because of their size and density. lt is interesting to note that our results mimic those obtained for the large-scale BIODEPTH experiment (Hector et al. 1999 ), suggesting that the maximum positive effects of biodiversity on the aboveground biomass of herbaceous communities were reached with just four species (Giller and O'Donovan 2002) . The additive partitioning method used revealed that the positive relationship between diversity and productivity was related to a highly significant complementarity effect. While legumes are assumed to play an important role in overyielding (Huston et al. 2000 , Giller and O'Donovan 2002 , Temperton et al. 2007 ), we did not find significant selection effects despite the presence of Ulex in the mixtures (Fig. 2) . As found by Hector et al. (2007) , complementarity Figure 2 . Complementarity, selection and net effects for the three species richness levels evaluated. Asterisks denote significant differences from 0 in each effect (t-test; *, p <0.05; **, p <0.01; ***, p <0.001). Different letters denote significant differences between richness levels (p <0.05, Tukey test after one-way ANOVA).
was not driven by legumes, something confirmed by the RII analyses. Despite having high N-fixation rates in Mediterranean shrublands (Ballini and Bonin 1995, Gimeno-Garcia et al. 2001) , Ulex had only a positive effect on Cistus, but that effect was no greater than those promoted by other species (Fig. 3) (Pachepsky et al. 2007) , we suggest that this result may have been caused by strong intra-specific competition or allelophatic effects, something already revealed by experimental work on the potential autotoxicity of Cistus albidus (Robles et al. 1999) . lt is interesting to note that the higher productivity observed in the two-species mixtures can only be partially attributed to the complementarity effect {sensu Loreau and Hector 2001}; when Cistus is involved, the increase in productivity observed does not correspond to a real positive effect of other species, but rather to an elimination of intraspecific pression effect' cannot either be considered as a selection effect because it does not correspond to a positive or negative effect of a species in a mixture, but rather corresponds to a decrease of negative intraspecific interactions. This result emphasizes that the commonly used Loreau and Hector {200 1} protocol may not always provide a precise estimation of complementarity as a mechanism because it cannot discriminate those cases where a given species has a negative effect on its conspecifics. Therefore, our results indicate the suitability of incorporating additional RII-like analyses in biodiversity-productivity studies in order to elucidate situations such as found in this study. Given the observational nature of our study, we have been unable to ascertain the mechanisms underlying the diversity-productivity relationships observed, and sorne unaccounted for factors may have affected our interpretation of these relationships. For instance, possible differences in the age of individuals may have an impact on the estimation of productivity because it generally decreases with age. However, the use of productivity instead of production in our study minimized this effect, as well as those resulting from differences in the size or density of individuals. Futthermore, by studying a spatially limited area, we avoided bias resulting from differences in soil and microclimatic conditions, reducing the potential impact of environmental heterogeneity on our results. Our study is an addition to the still scarce literature dealing with diversityproductivity relationships in communities dominated by woody species (Troumbis and Memtsas 2000, Balvanera and Aguirre 2006) . Although experimentally and logistically challenging, studies that focus on these species are crucial in order to advance our understanding of the importance of biodiversity as a driver of ecosystem functioning in terrestrial ecosystems.
